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DFWLQJDVDKHWHURJHQHRXVFDWDO\VW)RUWUHDWPHQWRIWKH
E\SURGXFWDFHWDOGHK\GH JRI$ZLWKSDUWLFOHVL]H PZDVSDFNHGLQWRDVHFRQGFROXPQ
 FPEHGOHQJWKî PP,')RUWKHSXUSRVHVRIFRPSDULVRQZLWKWUDGLWLRQDOWUHDWPHQWPHWKRGV
WZRDGGLWLRQDOIL[HGEHGV\VWHPVZHUHIDEULFDWHGXVLQJ01DVWKHFDWDO\VWEXWUHSODFLQJ$
ZLWK*$&DVWKHDGVRUEHQWIRUDFHWDOGHK\GHUHPRYDOUHSODFLQJ01ZLWKJRI*$&WRUHPRYH
PHWDOGHK\GHZLWKQRVHFRQGFROXPQDOOUHPDLQLQJV\VWHPSDUDPHWHUVRIWKHVHDGGLWLRQDOFROXPQV
ZHUHXQFKDQJHG7KHIORZUDWHVIRUWKHWKUHHVHWVRIDSSDUDWXVZHUHVHWDW P/PLQUHVXOWLQJLQ
HPSW\EHGFRQWDFWWLPHV(%&7VRIFROXPQ  VDQGFROXPQ  V7KHLQLWLDOPHWDOGHK\GH
FRQFHQWUDWLRQRIWKHIHHGVROXWLRQZDV PJ/DQGWKHHIIOXHQWVIURPHDFKFROXPQZHUHVDPSOHGDQG
DQDO\VHG 
 
)LJXUH 6FKHPDWLFLOOXVWUDWLRQRIWKHVHWXSRIWKHQRYHOGXDOVWDJHFROXPQWHVWVXVHGLQWKLVVWXG\
FROXPQSDFNHGZLWKHLWKHU JRI0DFURQHW01RU JRI*UDQXODWHG$FWLYDWHG
&DUERQ*$&FROXPQSDFNHGZLWK JRIHLWKHULRQH[FKDQJHUHVLQ$RU*$& 
5HVXOWVDQG'LVFXVVLRQ 
&KDUDFWHULVDWLRQRIPDWHULDOV 
7DEOHVXPPDULVHVWKHWH[WXUDOSURSHUWLHVDQGDFLGFDSDFLWLHVRIWKH0DFURQHWVDPSOHVXVHG
LQWKLVVWXG\DQGLWFDQEHVHHQWKDWWKHLQWURGXFWLRQRIVXOIRQLFDFLGJURXSVUHGXFHVWKHSRURVLW\RI
WKHVDPSOHV7KHXQIXQFWLRQDOLVHGPDWUL[RIWKHVH0DFURQHWVKDVDWRWDOSRUHYROXPHRI FPJ
DQGDVXUIDFHDUHDRI PJDFFRUGLQJWRWKHPDQXIDFWXUHU¶VVSHFLILFDWLRQVZKLOHVOLJKWO\
IXQFWLRQDOLVLQJWKHPDWUL[01VHULHVGHFUHDVHVERWKWKHVXUIDFHDUHDDQGSRUHYROXPHVXEVWDQWLDOO\
VXUIDFHDUHDV PJIXUWKHUIXQFWLRQDOLVDWLRQ'&VHULHVFDXVHVDGGLWLRQDOGHFUHDVHRIWKH
VXUIDFHDUHD PJDQGDVLPLODUWUHQGLQSRUHYROXPH,QDGGLWLRQWRDYDLODEOHYROXPHDQGDUHD
LWLVDOVRLPSRUWDQWWRFRQVLGHUWKHWUHQGLQSRUHVL]HVLQFHPHWDOGHK\GHPROHFXOHVWHQGWRDVVHPEOH
YLDK\GURJHQERQGLQJWRIRUPPDFURPROHFXODUVWUXFWXUHVWKHVXUIDFHDUHDDQGSRUHYROXPH
FRQWULEXWHGE\WKHPHVRDQGPDFURSRUHVLVFUXFLDODVWKHVHDUHWKHFKDQQHOVWKDWZLOOIDFLOLWDWH
GLIIXVLRQDQGUHPRYDORIWKHODUJHPHWDOGHK\GHFOXVWHUV+HQFHWKHSHUFHQWDJHVRIPHVRDQG
PDFURSRUHYROXPH90HVR0DFURFRPSDUHGWRWKHWRWDOSRUHYROXPH97RWDOZHUHFDOFXODWHGDQG)LJXUH
VKRZVWKHSRUHVL]HGLVWULEXWLRQVRIWKH01VHULHVVDPSOHVDVGHWHUPLQHGE\PHUFXU\LQWUXVLRQ,WLV
FOHDUO\VKRZQWKDWDPRQJWKH01VDPSOHV01KDVWKHODUJHVWSRUHYROXPHUHDFKLQJFP
J(UURU5HIHUHQFHVRXUFHQRWIRXQG0RUHLPSRUWDQWO\WKHODUJHPDMRULW\FPJ
RIWRWDOSRUHYROXPHRIWKHSRUHYROXPHVDUHFRQWULEXWHGE\QRQPLFURSRUHVPHDQLQJPRVWRI
WKHSRUHVDUHDFFHVVLEOHWRK\GURJHQERQGHGPHWDOGHK\GHPROHFXOHV)LJXUH01PD\ZHOO
H[KLELWWKHKLJKHVWVXUIDFHDUHDUHDFKLQJPJEXWPJRIWKLVDUHDLVFRQWULEXWHGE\
PLFURSRUHVXUIDFHVVLPLODUO\01KDVDKLJKWRWDOSRUHYROXPHRIFPJEXWRQO\KDOIRILWV
FPJLVQRQPLFURSRUHYROXPH2IWKH01VHULHV01KDVWKHORZHVWWRWDOSRUHYROXPH
FPJZLWKWKHORZHVWFRQWULEXWLRQIURPPHVRPDFURSRUHVDVZHOODVDORZVXUIDFHDUHD
PJ 
  
 7DEOH 6XPPDU\RIWH[WXUDOSURSHUWLHVDQGDFLGFDSDFLWLHVRIWKH0DFURQHWVDPSOHVXVHGLQWKLV
VWXG\ 
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)LJXUH 3RUHVL]HGLVWULEXWLRQVRIWKH01VHULHV0DFURQHWVXVHGLQWKLVVWXG\01ņ01
ņ01ņDVGHWHUPLQHGE\WKH%-+PHWKRGDSSOLHGWR1GHVRUSWLRQLVRWKHUPV
REWDLQHGDW& 
&DWDO\VLVVHOHFWLYLW\VWXG\ 
3UHYLRXVUHVXOWVKDYHGHPRQVWUDWHGWKDWVXOIRQLFDFLGIXQFWLRQDOLWLHVKDYHWKHDELOLW\WRGHJUDGH
PHWDOGHK\GHLQWRDFHWDOGHK\GHHIILFLHQWO\DQGFRPSOHWHO\>@,QRUGHUWRGHWHUPLQHWKHOHYHORI
HIILFLHQF\RIWKHFDWDO\WLFPDWHULDOVXVHGLQWKLVVWXG\1XFOHDU0DJQHWLF5HVRQDQFH105WHVWVZHUH
FRQGXFWHGWRSUREHWKHSUHVHQFHRIPHWDOGHK\GHDIWHUGHJUDGDWLRQXVLQJWKHVHULHVRI0DFURQHWV
PJRIPHWDOGHK\GHZDVGLVVROYHGLQP/RIGHXWHUDWHGZDWHU'27KH105VSHFWUXPIRUWKH
LQLWLDOPHWDOGHK\GHGHXWHUDWHGZDWHUPL[WXUHZDVUHFRUGHGDQGLVGLVSOD\HGLQ)LJXUHDVµ%HIRUH¶
PJRIWKHEHVWSHUIRUPLQJ0DFURQHW01ZDVWKHQDGGHGLQWRWKHVROXWLRQDQGWKH105VSHFWUXP
ZDVWDNHQDJDLQDIWHUPLQRIVKDNLQJUHDFWLRQDQGLVGLVSOD\HGLQ)LJXUHDVµ$IWHU¶0RUHVSHFWUD
ZHUHUHFRUGHGDWGLIIHUHQWWLPHLQWHUYDOVEXWGRQRWVKRZDQ\DGGLWLRQDOSURGXFWV,WLVFOHDUWKDW
SHDNVFRUUHVSRQGLQJWRPHWDOGHK\GHGDWSSPTDWSSPGHFUHDVHGWRDOPRVWQHJOLJLEOH
OHYHOVDVUHDFWLRQWLPHHODSVHGDQGRQO\FKDUDFWHULVWLFSHDNVRIDFHWDOGHK\GHGDWSSPVDW
SSPZHUHREVHUYHGFRQILUPLQJVXEVWDQWLDOGHJUDGDWLRQRIPHWDOGHK\GHLQWRDFHWDOGHK\GHZLWKQR
IXUWKHULQWHUPHGLDWHVRUE\SURGXFWV 
 
)LJXUH 105VSHFWUDRIDPHWDOGHK\GHLQ'2VROXWLRQEHIRUHņDQGDIWHUņDGGLWLRQRI
0DFURQHW01VKRZLQJWKHSUHVHQFHRIPHWDOGHK\GH0'G SSPT SSPDQG
DFHWDOGHK\GH$'G SSPV SSP 
 
&RQVLGHULQJWKHVHUHVXOWVLQFRQMXQFWLRQZLWKRXUSUHYLRXVUHVXOWVLWLVFOHDUWKDWWKHPHFKDQLVP
IRUGHJUDGDWLRQRIPHWDOGHK\GHE\0DFURQHWVLVWKHVDPHDVWKDWSURSRVHGIRUVXOIRQDWHGVLOLFD6%$
ZLWKWKHVXOIRQLFDFLGIXQFWLRQDOLVHG0DFURQHWDFWLQJDVDKHWHURJHQHRXVFDWDO\VWHIIHFWLYHO\
GHSRO\PHULVLQJPHWDOGHK\GHLQWRDFHWDOGHK\GH 
&DWDO\VLVNLQHWLFVWXG\ 
$VWKHSURFHVVLVFDWDO\WLFLWLVYLWDOO\LPSRUWDQWWRLQYHVWLJDWHWKHUHDFWLRQNLQHWLFSHUIRUPDQFH
RIWKHKHWHURJHQHRXVFDWDO\VWVXVHGLQWKLVVWXG\KHQFHFRPSDUDWLYHNLQHWLFH[SHULPHQWVZHUH
FRQGXFWHG7KHGHSRO\PHULVDWLRQUHDFWLRQFDQEHGHVFULEHGE\WKHIROORZLQJNLQHWLFHTXDWLRQV ۱ૡ۶૚૟۽૝ሺۻ۲ሻ ܀܁۽૜۶ሱۛ ۛۛ ሮ ૝ ۱۶૜۱۶۽ሺۯ۲ሻ(T ܚ ൌ െ ܌ሾۻ۲ሿ܌ܜ ൌ ܓሾۻ۲ሿሾ܀܁۽૜۶ሿ(T 
6LQFHWKHFRQFHQWUDWLRQRIVXOIRQLFDFLGLVFRQVWDQWDQGLQVLJQLILFDQWH[FHVVWKHRYHUDOOUDWHRI
UHDFWLRQLVRQO\GHSHQGHQWRQWKHFRQFHQWUDWLRQRIPHWDOGHK\GHWKXV(TEHFRPHVDILUVWRUGHU
UDWHHTXDWLRQ>@ZLWKWKHLQWHJUDWHGIRUPXODEHLQJH[SUHVVHGDV ࢉ࢚ࢉ૙ ൌ ࢋି࢑࢚(T 
7KHWUHQGLQPHWDOGHK\GHFRQFHQWUDWLRQDVDIXQFWLRQRIWLPHLVVKRZQLQ)LJXUHZLWKGLIIHUHQW
0DFURQHWVDFWLQJDVFDWDO\VWVXQGHUWKHVDPHH[SHULPHQWDOFRQGLWLRQVDOVRVKRZQDUHWKHFXUYHV
REWDLQHGIRUWKHUDZH[SHULPHQWDOGDWDEHLQJILWWHGWRDWKHRUHWLFDOILUVWRUGHUUDWHHTXDWLRQ7KHNLQHWLF
SDUDPHWHUVREWDLQHGDUHVXPPDUL]HGLQ7DEOH 
 
)LJXUH .LQHWLFVRIPHWDOGHK\GHGHJUDGDWLRQE\GLIIHUHQW0DFURQHWFDWDO\VWVXVHGLQWKLVVWXG\
'&Ŷ'&Ɣ'&Ÿ01฀01Ƈ01฀฀PHDVXUHPHQWV
FRQGXFWHGDWR&)LWVVKRZQDUHIRUILUVWRUGHUUDWHHTXDWLRQVVROLGOLQHV 
 
7KHFDSDFLW\RIWKH0DFURQHWPDWHULDOVDSSHDUVWREHOLPLWHGRQO\E\WKHLQLWLDOFRQFHQWUDWLRQ
XVHGIRUWKHUHPHGLDWLRQVWXG\KHUH SSPZKLFKWUDQVODWHVWR PJJDQGWKLVLVVLJQLILFDQWO\
KLJKHUWKDQSUHYLRXVO\UHSRUWHGFDSDFLWLHVIRUDGVRUSWLRQRQDSKHQROLFFDUERQ PJJ>@DQGLV
VXSSRUWHGE\WKHKLJKHUFDSDFLW\SUHYLRXVO\REVHUYHGIRUFDWDO\WLFGHJUDGDWLRQE\DQLRQH[FKDQJH
UHVLQ>@*HQHUDOO\LWFDQEHVHHQWKDW01VDPSOHVH[KLELWPXFKIDVWHUNLQHWLFVWKDQ'&VDPSOHV
ZLWKUDWHFRQVWDQWVNWLPHVKLJKHUWKLVFDQEHDVFULEHGWRWKHIDFWWKDW01VDPSOHVKDYHWH[WXDO
SURSHUWLHVPXFKEHWWHUVXLWHGWRWKHWDUJHWV\VWHPLHODUJHUVXUIDFHDUHDVDQGKLJKO\
PHVRPDFURSRURXVYROXPHVFRPSDUHGWR'&VDPSOHV7KHVHSURSHUWLHVLQFUHDVHWKHSHUPHDELOLW\RI
WKH010DFURQHWVIDFLOLWDWLQJWKHSDWKRIPHWDOGHK\GHPROHFXOHVWRGLIIXVHWRWKHDFWLYHVLWHVZLWKWKH
PDWHULDOV7KHUHVXOWVDOVRLQGLFDWHWKDWDQLQFUHDVLQJO\KLJKH[WHQWRIIXQFWLRQDOLVDWLRQLVQRW
QHFHVVDU\EHFDXVHWKHIXUWKHUIXQFWLRQDOL]HG'&VDPSOHVGHPRQVWUDWHGVLJQLILFDQWO\SRRUHUNLQHWLFV
:LWKLQDKHWHURJHQHRXVFDWDO\VLVSURFHVVWKHGLIIXVLRQVWHSLVDOZD\VWKHUDWHOLPLWLQJVWHSZKHUHDV
WKHUHDFWLRQVWHSLVE\FRPSDULVRQYHU\IDVW7KHKLJKDFLGFDSDFLWLHVRIWKH'&VDPSOHVPDUNHGO\
GHFUHDVHVVDPSOHSRURVLW\UHVXOWLQJLQDQLQFUHDVHLQGLIIXVLYHUHVLVWDQFHWRZDUGVPHWDOGHK\GH
FOXVWHUV7KHUHIRUHWKHUDWHVRIFDWDO\VLVDUHYHU\VORZDVWKHPHWDOGHK\GHKDVKLQGHUHGGLIIXVLRQWR
WKHDFWLYHVLWHVGHVSLWHWKHIDFWWKDWWKHLUGHQVLWLHVDUHFRUUHVSRQGLQJO\KLJK 
 
7DEOH 3DUDPHWHUVREWDLQHGE\ILWWLQJH[SHULPHQWDONLQHWLFGDWDREWDLQHGIRUWKHGHJUDGDWLRQRI
PHWDOGHK\GHXVLQJDVHULHVRI0DFURQHWPDWHULDOVWRILUVWRUGHUNLQHWLFHTXDWLRQV 
0DFURQHWV 01 01 01 '& '& '& 
7฀&         
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&RPSDULVRQRIWKHNLQHWLFGDWDREWDLQHGDW &IRUWKUHH01VDPSOHVVKRZVWKDWWKHEHVW
NLQHWLFSHUIRUPDQFHZDVDFKLHYHGXVLQJ01ZKLFKSRVVHVVHVWKHODUJHVWSRUHYROXPH01
KDVWKHKLJKHVWVXUIDFHDUHDEXWJDYHDPXFKORZHUUDWHFRQVWDQW&ORVHH[DPLQDWLRQRIWKHNLQHWLFV
GHWHUPLQHGIRUWKH01VDPSOHVVKRZVWKDWDVSUHGLFWHGSRUHYROXPHHVSHFLDOO\PHVRDQGPDFUR
SRUHYROXPHLVPRUHGHVLUDEOHWKDQVXUIDFHDUHD)LJXUHSUHVHQWVWKHFRUUHODWLRQVEHWZHHQUDWH
FRQVWDQWDQGWH[WXUDOFKDUDFWHULVWLFVLQFOXGLQJVXUIDFHDUHDWRWDOSRUHYROXPHDQGQRQPLFURSRUH
YROXPHDPRQJWKH01VDPSOHVDSRVLWLYHOLQHDUUHODWLRQVKLSLVRQO\REVHUYHGIRUWKHFRUUHODWLRQRI
UDWHFRQVWDQWWRPHVRDQGPDFURSRUHYROXPHLQGLFDWLQJWKDWQRQPLFURSRUHVSOD\DVLJQLILFDQWUROHLQ
WKHFDWDO\WLFSURFHVVGXHWRWKHLQFUHDVHGVL]HRIWKHK\GURJHQERQGHGPDFURPROHFXODUVWUXFWXUHRI
PHWDOGHK\GH>@DVPLFURSRUHVZLOOQRWEHDFFHVVLEOHWRWKHVHH[WHQGHGPROHFXODUVWUXFWXUHV,WLV
WKHUHIRUHLPSOLFLWWKDWWKHSULQFLSDOUHDVRQWKDW*UDQXODU$FWLYDWHG&DUERQV*$&VVKRZSRRU
SHUIRUPDQFHVIRUPHWDOGHK\GHUHPRYDOLVDVDFRQVHTXHQFHRIWKHPDMRULW\RIWKHSRURVLW\SUHVHQWLQ
*$&PDWHULDOVEHLQJPLFURSRURXV 
 
)LJXUH &RUUHODWLRQVRIUDWHFRQVWDQWRIPHWDOGHK\GHGHJUDGDWLRQDW&WRDVXUIDFHDUHD
ņŶņEWRWDOSRUHYROXPHņƔņDQGFFRPELQHGPHVRDQGPDFURSRUHYROXPH
ņŸņIRU010DFURQHWVDPSOHVXVHGLQWKLVVWXG\ 
 
7KH$UUKHQLXVHTXDWLRQ>@VWDWHVWKDWWKHUDWHFRQVWDQWVRIDSURFHVVGHPRQVWUDWHD
WHPSHUDWXUHGHSHQGHQFHIURPZKLFKWKHDFWLYDWLRQHQHUJ\RIDFDWDO\WLFSURFHVV(DN-PROFDQEH
HVWLPDWHG 
݈݊ ൌ ݈݊ܣ െ ாೌோ்(T 
)LJXUHSUHVHQWVWKHFDWDO\WLFUHDFWLRQNLQHWLFVIRUPHWDOGHK\GHGHJUDGDWLRQE\01DW
WKUHHGLIIHUHQWWHPSHUDWXUHVZLWKWKHFDOFXODWHGUDWHFRQVWDQWVIRUHDFKWHPSHUDWXUHVKRZQLQ7DEOH
7KHUHVXOWLQJDFWLYDWLRQHQHUJ\IURPWKHOLQHDULVHGSORWRIOQNYHUVXV7LVN-PRO
FRQILUPLQJWKDWWKHSURFHVVLVERWKDQHQGRWKHUPLFDQGFKHPLFDORQH 
 )LJXUH 7HPSHUDWXUHGHSHQGHQFHRIFDWDO\WLFSHUIRUPDQFHRIPHWDOGHK\GHGHJUDGDWLRQE\
0DFURQHW01DW &฀฀ &฀฀DQG &฀฀DOVRVKRZLQJILWVRIH[SHULPHQWDO
GDWDWRWKHRUHWLFDOILUVWRUGHUUDWHHTXDWLRQVVROLGOLQHV 
&RPSHWLQJHIIHFWRILQRUJDQLFLRQVRQFDWDO\WLFSHUIRUPDQFH 
,WLVJHQHUDOO\UHFRJQLVHGWKDWWKHSUHVHQFHRILQRUJDQLFLRQVFDXVHVVLJQLILFDQWHIIHFWVRQ
DGVRUSWLRQDQGFDWDO\WLFSURFHVVHVLQZDWHUWUHDWPHQW>@,QWKLVVWXG\WKHHIIHFWRIFDOFLXPLRQV
&DRQWKHGHJUDGDWLRQRIPHWDOGHK\GHZDVLQYHVWLJDWHGVLQFH&DLVWKHPDMRULQRUJDQLFLRQLQ
GULQNLQJZDWHUHVSHFLDOO\LQ8.UHJLRQVWKDWH[SHULHQFHKLJKOHYHOVRIPHWDOGHK\GHFRQWDPLQDWLRQ
)LJXUHVKRZVWKHHIIHFWRIGLIIHUHQWFRQFHQWUDWLRQVRI&DRQWKHNLQHWLFVDQGFDSDFLWLHVRIWKH
PHWDOGHK\GHGHSRO\PHULVDWLRQUHDFWLRQXVLQJ01,WLVFOHDUWKDWWKHSUHVHQFHRIFDOFLXPLRQV
GHFUHDVHVERWKWKHUHDFWLRQUDWHDQGWKHRYHUDOOFDSDFLW\VLJQLILFDQWO\ZLWKDQLQFUHDVHGLPSDFW
REVHUYHGDWKLJK&DFRQFHQWUDWLRQKRZHYHUWKHHIIHFWSODWHDXVZLWKLQFUHDVLQJFRQFHQWUDWLRQUDWLR
RI&DPHWDOGHK\GHHYHQIRUUDWLRVDVKLJKDVWLPHV 
 )LJXUH (IIHFWRIFRPSHWLQJLRQV&D PJ/RQPHWDOGHK\GHGHJUDGDWLRQLQLWLDO
FRQFHQWUDWLRQ SSPXVLQJ0DFURQHW01DNLQHWLFSHUIRUPDQFHRYHU KE
WRWDOFDSDFLWLHVDW K 
 
7KHH[SHULPHQWDOUHVXOWVREWDLQHGGHPRQVWUDWHWKDWWKHSUHVHQFHRILQRUJDQLFLRQVGHFUHDVHV
ERWKWKHNLQHWLFVDQGFDSDFLWLHVRI0DFURQHW01ZKLFKFDQEHH[SODLQHGE\FRQVLGHUDWLRQRIWKH
GLIIHUHQWZRUNLQJPHFKDQLVPVRIWKHVXOIRQLFDFLGJURXSLQWHUDFWLRQVZLWKPHWDOGHK\GHDQGLQRUJDQLF
LRQV)RULQRUJDQLFLRQUHPHGLDWLRQSURFHVVHVWKHZRUNLQJPHFKDQLVPLVLRQH[FKDQJHZKLOHIRU
PHWDOGHK\GHUHPRYDOWKHSURFHVVLVDFDWDO\WLFUHDFWLRQDVLOOXVWUDWHGLQ)LJXUH$VLVJHQHUDOO\
UHFRJQLVHGHYHU\LRQH[FKDQJHUHDFWLRQLVUHYHUVLEOHZLWKWKHHTXLOLEULXPFRQVWDQWKLJKO\GHSHQGHQW
RQWKHLRQSDLUV,QLQGXVWULDOZDWHUWUHDWPHQWSURFHVVHVVRGLXPIRUPVRIUHVLQVDUHQRUPDOO\XVHGWR
VRIWHQZDWHU>@UDWKHUWKDQWKHSURWRQIRUPVDVWKHERQGLQJHQHUJ\EHWZHHQ562DQG+LV
PXFKVWURQJHUWKDQWKDWEHWZHHQ562DQG1DVXFKWKDWEUHDNLQJ562+LVPRUHGLIILFXOWWKDQ
EUHDNLQJ5621D+HQFHIRUWKHLRQH[FKDQJHSURFHVVEHWZHHQ01DQG&DWKHUDWHFRQVWDQW
LVH[SHFWHGWREHORZVRWKDWHYHQDWHTXLOLEULXPWKHUHLVVRPH562+UHPDLQLQJ$VORQJDVVRPH
562+LVDYDLODEOHLWZLOOFRQWLQXHWRFDWDO\VHWKHGHJUDGDWLRQRIPHWDOGHK\GHKHQFHGHVSLWHWKH
KLJKUDWLRVRI&DPHWDOGHK\GHWKHFDWDO\WLFGHJUDGDWLRQPHFKDQLVPLVVWLOODYDLODEOH8VLQJWKHVH
UHVXOWVDVDEDVLVLWLVSRVVLEOHWRSUHGLFWWKDWIRUDQLPSOHPHQWHGIL[HGEHGFROXPQSDFNHGZLWK
0DFURQHWLQRUJDQLFLRQVZLOOLQLWLDOO\EHDEVRUEHGE\WKHFROXPQYLDLRQH[FKDQJHDVZHOODVWKH
VLPXOWDQHRXVGHJUDGDWLRQRIPHWDOGHK\GHWKHEHGZLOOWKHQUHDFKLWVFDSDFLW\IRUWKHLQRUJDQLFLRQ
DQGEHXQDEOHWRDGVRUEIXUWKHU&DLRQVKRZHYHUWKHUHPDLQLQJ562+ZLOOVWLOOEHDYDLODEOHWR
GHJUDGHPHWDOGHK\GHDOEHLWZLWKVORZHUUHDFWLRQNLQHWLFV 
 )LJXUH 3URSRVHGPHFKDQLVPIRUUROHVRIVXOIRQLFDFLGJURXSVLQUHPRYDORILQRUJDQLFLRQVE\
LRQH[FKDQJHDQGPHWDOGHK\GHGHJUDGDWLRQE\KHWHURJHQHRXVFDWDO\VLV 
5HPRYDORIDFHWDOGHK\GHE\LRQH[FKDQJHUHVLQ$ 
,WKDVEHHQUHSRUWHGLQWKHOLWHUDWXUHWKDWDOGHK\GHVFDQEHUHPRYHGXVLQJSULPDU\DPLQHVDV
DUHVXOWRIDFRQGHQVDWLRQUHDFWLRQ>@ ࡾ െ ࡺࡴ૛ ൅ ࡯ࡴ૜࡯ࡴࡻ ࢟࢏ࢋ࢒ࢊ࢙ሱۛ ሮۛ ࡯ࡴ૜࡯ࡴ ൌ ࡺ െ ࡾ ൅ ࡴ૛ࡻ(T 
7KHUHIRUHLQWKLVZRUNDQDPLQHIXQFWLRQDOLVHGUHVLQZLWKDFU\OLFPDWUL[KDVEHHQDSSOLHGWR
UHPRYHWKHDFHWDOGHK\GHSURGXFHGLQWKHILUVWUHDFWLRQVWHSRIWKHSURFHVVSUHVHQWHGKHUH)LJXUHD
VKRZVNLQHWLFGDWDREWDLQHGIRUDFHWDOGHK\GHDGVRUSWLRQRQWR$GDWDREWDLQHGIRUDFHWDOGHK\GH
DGVRUSWLRQRQWR*$&LVLQFOXGHGIRUFRPSDULVRQ,WLVFOHDUWKDWWKHNLQHWLFVRIDFHWDOGHK\GH
DGVRUSWLRQRQWR$DUHPXFKIDVWHUWKDQWKRVHIRU*$&0RUHWKDQRIDYDLODEOHDFHWDOGHK\GH
ZDVDEVRUEHGE\$ZLWKLQ K7KHNLQHWLFGDWDZHUHEHWWHUGHVFULEHGE\DSVHXGRVHFRQGRUGHU
HTXDWLRQZLWKDUDWHFRQVWDQWRIJPJPLQ:LWKUHJDUGVWRWKHDGVRUSWLRQRIDFHWDOGHK\GH
RQWR*$&WKHSHUIRUPDQFHZDVTXLWHSRRUZKLFKLVDVFULEHGWRWKHZHDNSK\VLFDOLQWHUDFWLRQV
EHWZHHQ*$&DQGDFHWDOGHK\GH 
  
 
 
 )LJXUH D$GVRUSWLRQNLQHWLFVRIDFHWDOGHK\GHRQWRLRQH[FKDQJHUHVLQ$ņŸņ>@DQG
*UDQXODU$FWLYDWHG&DUERQ*$&ņŶņDW &LQFOXGLQJILWVRIWKHGDWDWRSVHXGRILUVW
DQGSVHXGRVHFRQGņNLQHWLFPRGHOVE,VRWKHUPRIDFHWDOGHK\GHVRUSWLRQRQWR$
DW &ņƔņ>@DOVRVKRZLQJWKHILWRIWKHGDWDWRWKH/DQJPXLUHTXDWLRQņ 
 
6LQFHWKHNLQHWLFDGVRUSWLRQSHUIRUPDQFHRI$ZDVPXFKEHWWHUWKDQWKDWRI*$&WKH
LVRWKHUPRIDFHWDOGHK\GHVRUSWLRQRQWR$ZDVLQYHVWLJDWHG)LJXUHEVKRZVWKHLVRWKHUP
REWDLQHGDWR&DQGWKHWKHRUHWLFDOFXUYHJHQHUDWHGE\WKH/DQJPXLUHTXDWLRQWKLVPRGHODVVXPHV
PRQROD\HUDGVRUSWLRQDQGLVVXLWHGWRWKLVZRUNDVWKHSURSRVHGPHFKDQLVPUHTXLUHVDFHWDOGHK\GH
PROHFXOHVWRGLIIXVHWRWKHDGVRUEHQWVXUIDFHDQGUHDFWZLWKVXUIDFHIXQFWLRQDOJURXSVYLDWKH
FRQGHQVDWLRQUHDFWLRQVKRZQDERYH>@&RQVHTXHQWO\WKH/DQJPXLUHTXDWLRQLVZLGHO\XVHGWR
GHVFULEHVRUSWLRQRIVROXWHVRQWRKHWHURJHQHRXVVXUIDFHVLQYROYLQJVXUIDFHIXQFWLRQDOLWLHVDQG
DGVRUEDWHDGVRUEHQWLQWHUDFWLRQV ࢗࢋ ൌ ࢗ࢓ࡷࡸ࡯ࢋ ሺ૚ ൅ ࡷࡸ࡯ࢋሻ ? (T 
7KHILWREWDLQHGVKRZVWKDWWKHH[SHULPHQWDOGDWDZHUHLQJRRGDJUHHPHQWZLWKWKHWKHRUHWLFDO
PRGHOKHQFHDOVRLQDJUHHPHQWZLWKWKHSURSRVHGDGVRUSWLRQPHFKDQLVPJLYLQJDKLJKPD[LPXP
DGVRUSWLRQFDSDFLW\TPPJJRIPJJLQGLFDWLQJWKDW$LVJRRGFDQGLGDWHIRU
DFHWDOGHK\GHUHPRYDO 
'XDOVWDJHFROXPQWHVWV 
7KHEDWFKH[SHULPHQWVGLVFXVVHGDERYHGHPRQVWUDWHWKDWPHWDOGHK\GHFDQEHHIILFLHQWO\
GHJUDGHGLQWRDFHWDOGHK\GHE\VXOIRQLFDFLGIXQFWLRQDOLVHG0DFURQHWVDQGWKHDFHWDOGHK\GH
SURGXFHGFDQEHUHPRYHGE\DPLQHIXQFWLRQDOLVHGLRQH[FKDQJHUHVLQV7KHUHIRUHDGXDOVWDJH
IL[HGEHGDEVRUEHU)%$ZDVIDEULFDWHGZLWKWKHILUVWFROXPQSDFNHGZLWKFDWDO\VW01DQGWKH
VHFRQGSDFNHGZLWKDGVRUEHQW$)RUFRPSDULVRQWRWUDGLWLRQDOZDWHUWUHDWPHQWV\VWHPVWKUHH
FROXPQWHVWVZHUHFRQGXFWHGVLQJOHFROXPQVHWXSZLWKFROXPQSDFNHGZLWK*$&GXDOFROXPQ
VHWXSZLWKILUVWFROXPQSDFNHGZLWK01DQGVHFRQGZLWK$GXDOFROXPQVHWXSZLWKILUVW
FROXPQSDFNHGZLWK01DQGVHFRQGZLWK*$&7KHRSHUDWLQJFRQGLWLRQVDQGSDUDPHWHUVZHUH
NHSWWKHVDPHDVGHWDLOHGLQWKHH[SHULPHQWDOVHFWLRQ 
)LJXUHGHPRQVWUDWHVWKHEUHDNWKURXJKFXUYHVREWDLQHGIRUWKHWKUHHFROXPQWHVWV7KH
SURILOHVVKRZQLQ)LJXUHUHSUHVHQWWKHILQDOHIIOXHQWFRQFHQWUDWLRQLHLQVLQJOHFROXPQVHWXSLWLV
WKHPHWDOGHK\GHFRQFHQWUDWLRQZKLOHWKHDFHWDOGHK\GHFRQFHQWUDWLRQLVVKRZQIRUERWKGXDOFROXPQ
VHWXSV)RUWKHVLQJOHFROXPQVHWXSLWFDQEHVHHQWKDWWKHEHGZDVH[KDXVWHGTXLFNO\DQGWKH
FRQFHQWUDWLRQRIWKHHIIOXHQWUHDFKHGPRUHWKDQRILWVLQLWLDOLQIOXHQWFRQFHQWUDWLRQDIWHURQO\ K
RIRSHUDWLRQ7KLVDJUHHVZLWKWKHUHVXOWVREWDLQHGIURPDSSOLFDWLRQRI*$&LQWKHZDWHUWUHDWPHQW
LQGXVWU\FDXVHGE\WKHORZDGVRUSWLRQFDSDFLW\DQGKLJKOHDFKLQJWHQGHQF\RIPHWDOGHK\GH
DGVRUSWLRQRQWR*$&7KHGXDOFROXPQFRQILJXUDWLRQVVKRZHGWKDWQRPHWDOGHK\GHZDVGHWHFWHG
RYHUWKHZKROHUXQQLQJWLPHLQGLFDWLQJJRRGGHJUDGDWLRQSHUIRUPDQFHRI01,QWKHFDVHRIXVLQJ
*$&WRUHPRYHDFHWDOGHK\GHWKHEUHDNWKURXJKRIWKH*$&EHGZDVTXLFNO\REVHUYHGVXJJHVWLQJ
WKLVPDWHULDOLVQRWDSSURSULDWHWRDGVRUEDFHWDOGHK\GHDQGOHQGLQJZHLJKWWRWKHGHYHORSPHQWRI
DOWHUQDWLYHPHWKRGVIRULWVUHPRYDOVKRXOGIXWXUHOHJLVODWLRQUHTXLUHDUHGXFWLRQLQDFHWDOGHK\GH
FRQFHQWUDWLRQ7KHGXDOFROXPQVHWXSFRQVLVWLQJRI01DQG$VKRZHGH[FHOOHQWDPHOLRUDWLRQ
SHUIRUPDQFH,WWRRN KEHGYROXPHV%9WRUHDFKWKHRIFWFWKUHVKROG,QWKLV
H[SHULPHQWWKHLQLWLDOFRQFHQWUDWLRQRIPHWDOGHK\GHZDV SSPZKLFKLVWLPHVKLJKHUWKDQWKH
PD[LPXPFRQFHQWUDWLRQ SSEGHWHFWHGLQZDWHUFDWFKPHQWV7KHUHIRUHLQSUDFWLFDOFDVHVWKH
EUHDNWKURXJKSRLQWRIWKHGXDOFROXPQVKRXOGEHH[SHFWHGWREHPXFKEHWWHUWKDQ %9KHQFH
WKLVGXDOFROXPQFRQILJXUDWLRQVKRZVYHU\SURPLVLQJUHVXOWV7KHEHGFRPSOHWHO\UHPRYHG
DFHWDOGHK\GHIRUWKHILUVW %9RIZDWHUEHIRUHEUHDNWKURXJKZDVGHWHFWHG7KHEHGZDVQRW
H[KDXVWHGDIWHU GUXQQLQJDQGWKHFRQFHQWUDWLRQUDWLRRQO\UHDFKHG7KHFROXPQWHVWVDUHLQ
JRRGDJUHHPHQWZLWKWKHEDWFKH[SHULPHQWUHVXOWVZLWKWKHGXDOFROXPQVVKRZLQJUREXVW
SHUIRUPDQFHDVH[SHFWHG7KHPHWKRGGHYHORSHGKHUHLVRISUDFWLFDOLQWHUHVWIRUWKHUHPRYDORI
PHWDOGHK\GHIURPGULQNLQJZDWHUVXSSOLHV 
 )LJXUH %UHDNWKURXJKFXUYHVRIWKHWKUHHIL[HGEHGDEVRUEHUVXVHGIRUPHWDOGHK\GHGHJUDGDWLRQ
6HWXS6LQJOH&ROXPQ6&*UDQXODU$FWLYDWHG&DUERQņƔņ6HWXS'XDO&ROXPQ
'&0DFURQHW01DQGLRQH[FKDQJHUHVLQ$ņŶņ6HWXS'&01DQG
*$&ņŸņ 
 
&RQFOXVLRQV 
(IILFDFLRXVPHWDOGHK\GHUHPRYDOZDVDFKLHYHGE\WKHDSSOLFDWLRQRIDFRPELQDWLRQRI
PDFURSRURXVVXOIRQLFIXQFWLRQDOLVHG0DFURQHWDVFDWDO\VWDQGDPLQHIXQFWLRQDOLVHGLRQH[FKDQJH
UHVLQDVDGVRUEHQW105DQDO\VLVFRQILUPHGWKDWKHWHURJHQHRXVFDWDO\VLVRIPHWDOGHK\GHZDV
VXEVWDQWLDOZLWKDFHWDOGHK\GHWKHRQO\E\SURGXFW.LQHWLFVWXGLHVUHYHDOHGWKDWWKHUDWHRI
PHWDOGHK\GHGHJUDGDWLRQLVGHWHUPLQHGE\WKHGLIIXVLRQDOVWHSDQGDKLJKH[WHQWRIIXQFWLRQDOLVDWLRQLV
QRWQHFHVVDULO\UHTXLUHGWRREWDLQJRRGFDWDO\WLFSHUIRUPDQFHVLQFHWKHLQWURGXFWLRQRIIXQFWLRQDO
JURXSVVLJQLILFDQWO\FRPSURPLVHVWKHSRURVLW\7KHNLQHWLFVWXG\DOVRUHYHDOHGWKDWWKHGHJUDGDWLRQ
UDWHLVFORVHO\UHODWHGWRWKHWRWDOSRUHYROXPHHVSHFLDOO\WRWKHPHVRDQGPDFURSRUHYROXPHV
0DFURQHWVDPSOH01ZLWKFRQVLGHUDEOHVXUIDFHDUHDDSSURSULDWHSRUHVL]HDQGODUJHSRUH
YROXPHVKRZHGWKHEHVWNLQHWLFSHUIRUPDQFHWKHIDVWNLQHWLFVREVHUYHGIRU01DUHUHODWHGWRWKH
HIIHFWLYHDFFHVVLELOLW\RIPHWDOGHK\GHPROHFXOHVWRWKHVXOIRQLFDFLGJURXSVSUHVHQWLQWKHVDPSOH
&RPSHWLQJLRQWHVWVVKRZHGWKDWWKHSUHVHQFHRILQRUJDQLFLRQV&DGHFUHDVHGWKHFDWDO\WLF
SHUIRUPDQFHKRZHYHUJRRGOHYHORIGHJUDGDWLRQaZDVREVHUYHGHYHQZLWK&D
FRQFHQWUDWLRQVWLPHVWKRVHRIPHWDOGHK\GHWKLVOLPLWHGLQIOXHQFHLVWKHUHVXOWRIWKHLQWHUDFWLRQ
EHWZHHQVXOIRQLFDFLGJURXSVDQG&DEHLQJDQLRQH[FKDQJHSURFHVVVXOIRQLFDFLGJURXSVDQG
PHWDOGHK\GHXQGHUJRKHWHURJHQHRXVFDWDO\WLFSURFHVVHV7KHNLQHWLFDQGLVRWKHUPDOVWXGLHVRI
DFHWDOGHK\GHRQWRUHVLQ$GHPRQVWUDWHGWKDWWKHRQO\E\SURGXFWRIPHWDOGHK\GHGHJUDGDWLRQFDQ
EHHIIHFWLYHO\UHPRYHG%UHDNWKURXJKFXUYHVIRUWKHIDEULFDWHGGXDOFROXPQV\VWHPFRQILUPHGWKH
HIIHFWLYHGHJUDGDWLRQRIPHWDOGHK\GHE\01DQGWKHFRPSOHWHUHPRYDORIDFHWDOGHK\GHE\D
VHFRQGEHGSDFNHGZLWKLRQH[FKDQJHUHVLQ$7KHPHWKRGGHYHORSHGLQWKLVZRUNLVYHU\
SURPLVLQJVLQFHLWFDQEHXVHGLQFRQMXQFWLRQZLWKH[LVWLQJLQIUDVWUXFWXUHLQ8.ZDWHUWUHDWPHQWZRUNV
PDNLQJWKHSURFHVVFRVWHIIHFWLYHDQGHDV\WRDSSO\ 
$FNQRZOHGJHPHQWV 
7KHDXWKRUVDUHWKDQNIXOWR3XUROLWH/ODQWULVDQW8.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